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Observations of a doubly driven V system probed to a fourth level in an N configuration are reported. 
A dressed state analysis is also presented. The expected three-peak spectrum is explored in a cold 
rubidium sample in a magneto-optic trap. Good agreement is found between the dressed state 
theory and the experimental spectra once light shifts and uncoupled absorptions in the rubidium 
system are taken into account. 
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I. INTRODUCTION 

The optical properties of coherently prepared atoms 
have been much studied in recent years. The simplest 
case is when one transition is resonantly pumped with a 
strong coherent laser beam and the resulting dressed sys- 
tem probed from a third level in a A, V or cascade config- 
uration. These systems can exhibit electromagnetically- 
induced transparency (EIT) where quantum interference 
effects allow a resonant probe beam to propagate with- 
out absorption and with greatly-enhanced dispersion [Q . 
The EIT effect has been exploited in a variety of applica- 
tions: gain without inversion ||^, ground state cooling of 
trapped atoms ||] , ultra-slow light-speed propagation [|j , 
quantum non-demolition measurements Q and efficient 
non-linear optical processes |^ . This has lead to interest 
in more complex systems involving multiple electromag- 
netic fields interacting with either a single transition R] 
or with several transitions 1^ ||] [|o) [|ll|. In particular 
there is now huge interest in exploiting non-linearities in 
four-level systems with applications in quantum optics 
| p2[ and four- wave mixing i pH . 

Four-level systems of various configurations can be ex- 
cited with different pumping schemes. Several theoretical 
studies have considered three-level ladder configurations 
coherently prepared by two strong laser beams Q . 
They predict a three-peak spectrum when the lowest or 
highest of the three levels is probed via a fourth level 
or monitored by fluorescence. When the two dressing 
beams are on resonance this spectrum has the form of a 
Doppler-free three-photon absorption peak situated cen- 
trally within an EIT window More generally, the 
positions and intensities of the three peaks are functions 
of the Rabi frequencies and detunings of the two strong 
beams. The trajectories of the peaks as a function of Rabi 
frequencies and detunings have been described in doubly 
dressed analyses |^ . None of these three studies was 
accompanied by experimental verifications. 



In this paper we consider a similar scheme to those 
of references Q |9| but with the two strong pump 
beams, or coupling beams as we shall call them, con- 
necting a ground or metastable level to two excited lev- 
els. The resulting dressed V system can then be probed 
from another ground or metastable level, as illustrated in 
Figure 1(a). An experimental realisation in ^^Rb cooled 
in a magneto-optic trap (MOT) is indicated in Figure 
1(b). Our interest in this system stems from our current 
programme of work on the strong cross- and self-phase 
modulation expected in the N-configuration of Figure 1, 
and the main aim of this paper is to characterise the 
weak-probe spectrum of this system. For this task we 
have to be concerned not only with the behaviour of the 
ideal four-level model (Figure 1(a)) but also with light 
shifts due to off-resonant interactions with other nearby 
hyperfine levels and the effects of level degeneracies in 
the ^^Rb system. Because our experiments are carried 
out in a Rb MOT, we are free to propagate our beams 
in any desired directions, and to choose coupling beams 
on different optical transitions that are well-separated in 
frequency thus avoiding potentially complex mutual light 
shifts induced by the two beams, although some simple 
light shifts and the effects of the trapping beams do have 
to be taken into account in the system of Figure 1(a). 

Many manifestations of Zeeman degeneracy have been 
reported in EIT experiments: optical pumping among 
Zeeman levels and to other levels p ^, c oherent popu- 
lation trapping by the coupling beam |14[|, the inversion 
of EIT dips (i.e. electromagnetically induced absorption) 
Jisf , and absorption of the probe beam on Zeeman transi- 
tions that are not coupled by the pump beam |]l6| . These 
latter uncoupled absorptions are a constant feature of our 
probe spectra, superimposed on the V system spectra we 
are interested in. 

This paper is organised as follows. Section II presents 
a dressed state analysis of the strongly-pumped model 
V system of Figure 1(a), showing the expected depen- 
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FIG. 1. (a) The model four-state N configuration. Ci and 
C2 are strong coupling fields driving a V system. P is a weak 
probe field, (b) The real *^Rb system in which the experi- 
ments are carried out. The atoms are trapped and cooled in a 
magneto-optic trap by trapping fields T, detuned by —13 MHz 
horn the 5S'i/2-F = 2 to 5P3/2F — 3 transition of the D2 line. 
(The coupling field Ciand the repumping field R for the MOT 
are derived from the same laser.) 



dance of the probe absorption spectrum on Rabi frequen- 
cies and detunings. Section III describes the experimen- 
tal arrangement and presents EIT spectra with the first 
coupling field Ci applied and the second coupling field 
C2 switched off, thus showing the effects of light shifts 
and uncoupled absorptions in a relatively simple system. 
Our main results are presented in Section IV where both 
coupling fields are applied and probe spectra obtained 
for various coupling field intensities and detunings. The 
spectra are interpreted using the 4-state theory of Sec- 



tion II modified phenomenologically by the light shift and 
uncoupled absorption effects described in Section III. We 
justify the use of the four-state model and we describe 
the origin of the uncoupled absorptions relevant to our 
experiments in the Appendix. 



II. THEORY 

Figure 1(a) shows a four state N configuration, al- 
though for the purposes of this discussion we shall con- 
sider it as a three state V scheme formed by the states 
|a), |c) and \d) and strong coupling fields Ci and C2 of 
frequencies uji and UJ2, probed weakly on the \b) — \d) 
transition. The Hamiltonian describing the system con- 
sisting of the atom and the two coupling fields can be 
written down in the semiclassical and rotating wave ap- 
proximations as 

H = A + I 



where 



A = Ai la) 



(Ai - A2) |c) (c| 



I=^i\d) {a\ + \a) (d|) + ^(|c) {a\ + \a) (c|) . 

A and X represent the atomic and interaction parts of 
the Hamiltonian H. Ai = ui — toda (A2 = 102 — iOca) is 
the detuning of coupling field Ci (C2) from the \a) — \d) 
{\a) — \c)) transition and uj^a is the transition frequency of 
the \a) — 1/3) transition for a, (3 = a, b, c, d. flj — dj ■ Ej 
is the Rabi frequency for field j — 1,2 where the field 
Ej interacts only with its quasi-resonant transition with 
electric dipole moment d-,-. We have chosen units such 
that ?i = 1 so energies are measured in units of frequency. 

Because there are three basis states which describe the 
system, in the most general case, we expect a character- 
istic three line spectrum when performing probe absorp- 
tion experiments. Writing out the Hamiltonian in matrix 
form gives 
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Following the method in Shore we derive the dou- 
bly dressed state energies 
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The corresponding dressed state vector for energy £1, is 
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being the normahsation constant and v = 1,2,3 indexing 
the dressed state. 

We now consider the special case of mutual resonance 
of the two coupling fields, i.e. Ai = A2 = 0. In this case 
the dressed state energies and vectors are 
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These results can be used to predict the spectrum ob- 
tained when probing the doubly driven |c) — transition 
via the |6) — \d) transition with a weak field of frequency 
ujp and detuning Ap = tOp — ojdb- The resulting spec- 
trum can be thought of as being made up of a Rabi split 
doublet, with effective Rabi frequency l^cff = vf^i+^' 
and a three-photon resonance absorption peak at Ap = 0. 
The central peak is strictly only on the three-photon res- 
onance (i.e. satisfies Ap — Ai -I- A2 = 0) when Ai = A2, 
or in appropriate limits. However, for simplicity we shall 
refer to the central peak as a three-photon absorption 
peak when it closely approximates this resonance condi- 
tion. We note that the probe coupling will be dominated 
by the \b) — \d) transition as the other transitions are sig- 
nificantly off resonance in the bare atomic basis. Also, 
in the strong coupling regime (Oi,ri2 >> Op), which 
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FIG. 2. (a) Normalised dressed state energies, £u/Q,i 
(u = 1, 2, 3), as a function of the normalised Rabi frequency of 
the second coupling field, Q2/^i, with Ai = A2 = 0. (b) The 
coefficients Ai, = \{d\V^)f as a function of the normalised 
Rabi frequency of the second coupling field, f22/fii. 



applies in our experiments, almost all the population is 
optically pumped into the state |6) with negligible pop- 
ulation in the dressed states. Under these conditions the 
probe absorption will be proportional to the coefficient 
Au — This imphes that the peaks correspond- 

ing to the absorption from state \b) to the outer states 
\T>i) and jPa) will have equal heights and dominate the 
spectrum in the limit r2i/f22 >> 1, whilst the three- 
photon absorption peak, corresponding to absorption to 
|I?2), will dominate in the limit ^12/^1 >> 1. Graphs 
showing the energy levels £1, and coefffcients Ai, as a 
function of il.2/fli are presented in Figures 2(a) and (b) 
respectively. These results are similar to those presented 
for a ladder system by Wei et al. |lffl 
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FIG. 3. Schematic of the experimental arrangement show- 
ing beam polarisations. Field Ci is linearly polarised in the 
vertical plane whilst fields C2 and P axe linearly polarised in 
the horizontal plane. The angle between fields Ci and C2 is 
about 175°, whilst the angle between Ci and P is about 20°. 
PD is an avalanche photodiode. The trapping fields are not 
shown for clarity. 

III. EXPERIMENTAL ARRANGEMENT, LIGHT 
SHIFTS AND EIT EFFECTS 

The experimental setup is shown schematically in Fig- 
ure 3. The cold ^^Rb sample contains between 10^ and 
10® atoms in a region of diameter approximately 3 mm in 
a standard MOT similar to the one used in our previous 
work on EIT [Q. 

The laser fields are obtained from external-cavity 
grating-controlled diode lasers (ECDL) in master and 
master-slave arrangements. The frequency of each mas- 
ter laser is monitored by saturated absorption in a room 
temperature Rb cell and can be locked via electronic 
feedback. In all master-slave arrangements, there is an 
acousto-optic modulator which shifts the frequency of the 
slave relative to the frequency of the master. All laser 
fields, except for the second coupling field, were derived 
from 780 nm laser diodes, whilst the second coupling field 
was derived from a 795 nm laser diode. 

The trapping lasers T (not shown in Figure 3) are de- 
rived from a master-slave system. They are locked and 
detuned by -13 MHz from the SS'i/jF = 2 to 5P3/2F = 3 
transition. The trapping beam diameters are « 1 cm and 
the total average intensity in the cold atom sample is 
« 60mW/cm2. 

The probe beam P is derived from an ECDL and is 
scanned across the bSi/2F = 2 to hP^/2F = 2 transition 
by piezo-control of the external cavity. P has an average 
intensity « 2 mW / cm^ in a diameter « 1 mm. 

The coupling beam Ci and the trap repumping field 
R are derived from the same laser which is the slave of a 
locked ECDL. They are resonant with the 55*1/2^ = 1 to 
^P?,/2F = 2 transition. The average intensity of Ci is « 
400 mW / cm^ in a roughly elliptical profile 2 mm x 4 mm. 

A second coupfing beam C2 is derived from an ECDL 
and is quasi-resonant with the 5S'i/2i^ = 1 to 5P1/2F = 2 
transition at 795 nm (the Di line). For resonant exper- 
iments, C2 was locked, but for detuned experiments it 
was stepped using the external cavity piezo with the fre- 
quency determined by an optical spectrum analyser. The 
average intensity of C2 can be varied up to a maximum 



of « 300 mW / cm^, in a beam diameter « 1.3mm. 

The probe P and the second coupling field C2 are lin- 
early polarised in the horizontal plane whilst the coupling 
field Ci is linearly polarised in the vertical direction. The 
angle between the coupfing fields Ciand C2 is about 175° 
while the probe propagates at an angle of about 20° with 
respect to Ci. These angles were found to give a good 
overlap of the probe with the coupling fields in the MOT. 
The paths of all three beams are coplanar. 

We show in the Appendix how our arrangement of po- 
larisations gives a good approximation to three separate 
sets of N configurations of the type depicted in Figure 
1(a), together with uncoupled absorption. Although we 
can qualitatively account for the uncoupled absorptions, 
the relative populations of the various subsystems will be 
effected by the trap dynamics and optical pumping be- 
tween the schemes. Complete modelling of these effects 
is beyond the scope of this work and we have therefore 
not presented a quantitative theoretical estimate of the 
uncoupled absorption strength. 

While C2 is turned off, Ci and P form a A-type EIT 
system. Figure 4(a) shows the probe absorption ver- 
sus probe detuning with Ci locked to the 55*1/2^ = 1 
to 5P1/2F = 2 transition in the saturated absorption 
cell, and with C'2 turned off. The probe detuning is 
taken to be zero when the probe frequency is equal to 
the 5S'i/2^' = 2 to 5P3/2F = 2 transition frequency in 
the saturated absorption cell. It is seen that the spec- 
trum consists of a central peak situated between the two 
Autler-Townes peaks of a standard asymmetric EIT pro- 
file expected with detuned coupling field. The detuning 
of Ci is due to the fact that the 5S1/2F = 1 level of the 
sample is light-shifted with respect to the same level in 
the saturated absorption cell because of the interaction of 
Ci with neighbouring transitions (mainly the 5S1/2F = 1 
to 5P3/2i^ = !)■ We have estimated this light shift to be 
Ai w 7 MHz. The central peak in the spectrum is caused 
by P probing Zeeman sublevels that are not coupled by 
Ci (as discussed in the Appendix) . We call this peak the 
uncoupled absorption peak; in our previous work we 
were unable to resolve this peak since the coupling field 
was too weak. It is to be noted that all three peaks in 
Figure 4(a) are displaced by approximately 9 MHz with 
respect to the saturated absorption transition. This is 
because the trapping beams T act as a detuned coupling 
field with P in a V-type EIT configuration, as can be seen 
from Figure 1(b). This splits each of the three peaks into 
two, one of which is very much larger than the other be- 
cause T is detuned by —13 MHz. Of the smaller peaks, 
only the one corresponding to the red detuned Autler- 
Townes peak is just visible in this trace. We note that 
the linewidths of our spectra, which are seen to be up 
to three times the natural linewidth of our Doppler-free 
sample, are broadened by beam profile inhomogeneities, 
variations of Clebsch-Gordan coefficients between differ- 
ent Zeeman transitions and the spread in the intensities 
of the six interfering trapping beams in the MOT. 
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FIG. 4. (a) Probe absorption spectrum with Ci on and C2 
off. (b) Probe absorption spectrum with both Ci and C2 on. 
Each spectrum is an average over 200 scans. 

IV. THREE PEAK SPECTRA OF THE V 
SYSTEM 

We now describe the spectra obtained when probing 
the V system in the N configuration of Figure 1. The 
probe absorption spectrum shown in Figure 4(b) was ob- 
tained with Ci and C2 tuned to their respective tran- 
sitions in saturated absorption cells; these are the same 
conditions that applied in Figure 4(a) except that now 
C2 is switched on and at its maximum intensity. A com- 
parison of the two figures shows that the height he of the 
central peak is larger in Figure 4(b) due to the appear- 
ance of the three-photon absorption peak on top of the 
uncoupled absorption peak, as predicted in the Section 
II. There is also an increase in the splitting, ^13 = 5i — f 3, 
of the two Autler-Townes peaks. We have taken a series 
of probe spectra for different powers P2 of C2 ■ The re- 
sults are shown in Figures 5(a)&(b), where the height he 
and the splitting (5i3 are plotted against the power P2- 
The theoretical fits in these figures were obtained from 
the theory in Section II, as follows. We assume that 
the contribution of the three-photon absorption peak is 
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FIG. 5. (a) Separation of the Autler-Townes peaks 5\3 
and (b) the height he of the central absorption peak, plot- 
ted against the power P2. The solid lines are the theoretical 
fits with f2i = 62 ± 2 MHz, and ^2 varying to a maximum of 

0. 2 = 44 ± 5MHz and Ai = A2 ~ 7 MHz. The dashed lines 
are the 95% confidence bands. 

proportional to A2 — |(c?|I?2)|^ , and that both coupling 
fields have a common detuning of A = 7 MHz from their 
respective transitions in the sample due to the Ci - in- 
duced light shift of the ^Si/2F = 1 level. We find, to 
first order in A, 

h, = + B 2 + O [Af 

i £ 2 ^ ^ '2 

where hue is the height of the uncoupled absorption peak, 

1. e. the height of the central peak when C2 is turned off, 
and S is a constant. These equations have been fitted to 
the data points and the resulting curves shown in Figure 
5(a)&(b). The fit in Figure 5(a) gives f^i = 62 ± 2MHz 

and ^2 = (22 ±2 MHz / mW^/^)P2 with a maximum of 
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FIG. 6. Probe spectra showing the migration of the 
three-peak structure as the detuning A2 of the coupling field 
C2 is stepped from the red to the blue side of the resonance. 
The peaks are labelled 1, 2 and 3 corresponding to absorp- 
tion to levels £1, £2 and £3. The uncoupled absorption peak 
is labelled U. Each spectrum is an average over 200 scans. 

f22 = 44 ± 5 MHz. These Rabi frequencies are consistent 
with the values estimated from the parameters of beams 
Ci and C2 and the Clebsch-Gordan coefficients of the 
transitions. The fit in Figure 5(b) gives ^2/^1 = 0.8±0.3 
for maximum which is consistent with the previous 
fit; it also yields the constant B — 3ztl that determines 
the relative heights of the uncoupled absorption peak and 
the three-photon absorption peak. We note that for max- 
imum power of C2 the three-photon absorption peak ac- 
counts for approximately 0.4 of the total central peak 
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FIG. 7. The positions of the absorption peaks as a function 
of detuning A2. The points are taken from the measured 
spectra and the curves are the theoretical expectations based 
on a detuning Ai = 7 MHz of Ci. 

height. 

We now consider the case where C2 has its maxi- 
mum intensity and its detuning is stepped across the 
= 1 to — 2 transition, with Ci tuned 

to the saturated absorption line. The detuning of C'2 is 
measured by a calibrated spectrum analyser with respect 
to the saturated absorption line. The traces obtained are 
plotted in Figure 6. It is seen that as A2 is stepped from 
the red towards the blue, the uncoupled absorption peak, 
labelled U, remains fixed in position as expected, but the 
peaks labelled 1, 2 an 3 migrate towards the red, with the 
central peak 2 moving across the uncoupled absorption. 
The positions of peaks 1, 2 and 3 are shown as points in 
Figure 7 with the curves showing the corresponding the- 
oretical expectations based on a detuning Ai = 7 MHz of 
Ci. We note that this behaviour is qualitatively similar 
to that predicted for a ladder system in |]l^. We note 
also that the anticrossings in Figure 7 are similar to sub- 
harmonic resonances described in [Q, although because 
the two coupling fields are applied to different transitions, 
only the first subharmonic resonances (at A2 = ±r2i/2 in 
the limit of small Q2) are observed in the present study. 

V. CONCLUSIONS 

We have presented a dressed state analysis and an ex- 
perimental study of a doubly-driven V-system probed 
from a fourth level in an N configuration. The exper- 
iments show the growth of the three-photon absorption 
peak and the increasing separation of the Autler- Towns 
peaks as the second coupling field intensity is increased. 
The migration of the three-peak probe absorption spec- 
trum as the detuning of one of the coupling fields is 
changed is also observed. Our experiments have been 
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carried out in a laser-cooled ^^Rb sample using the levels 
5P3/2F = 2, bSi/2F = 1 and 5P1/2F = 2, probed on 
the 5Sif2F = 2 to 5P3/2F = 2 transition. After taking 
account of light shifts, the effects of the trapping beams 
and the uncoupled absorptions in this real system, the 
measured spectra are in good agreement with the analyt- 
ical predictions. This investigation is important for the 
understanding of a physically realisable N-system that 
might be used in cross-phase modulation, photon block- 
ade and other related studies. 
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VII. APPENDIX 

This Appendix justifies our use in Section II of a 4- 
state model to describe our experiment and also shows 
the origin of the uncoupled absorptions. Figure 8(a) 
illustrates the individual Zeeman states of the hyperfine 
levels coupled by the probe P (fine lines) and two driving 
fields Ci (thick lines) and C2 (double lines) All 
three fields are linearly polarised with the polarisation 
of Ci orthogonal to the polarisations of P and C2 as 
shown in Figure 3. This particular choice of orthogonal 
linear polarisations was chosen because it reduced the 
uncoupled absorption of the probe field at the frequency 
of the bSi/2F = 2 to ^P^/2F = 2 transition. Also shown 
are the corresponding Clebsch-Gordan coefficients. The 
states \'m) are labeled in terms of the magnetic quantum 
number m and A", where X is one of a, 5, c or d which 
correspond to the 5S'i/2F = 1, SS'i/sF = 2, SPi/jF = 2 
and 5P3/2F — 2 levels respectively in Figure 1(b). 

The figure shows that the coupling field Ci (thick lines) 
alone provides a doubly-driven V configuration as well as 
a separate quadruply-driven 'W configuration. Taking 
account of the additional states coupled by the fields C2 
and P it appears that a six state and, separately, a nine 
state model are necessary to describe the dynamics of 
our experiment. The three states, \Q)^, |— 2)^ and |2)^ 
do not interact with any fields. Surprisingly, however, 
this complex structure reduces to sets of simple coupled 
systems with the following change of basis |20l : 



Ito, ±^ 



1 
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m)x ± \~m)x) 
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FIG. 8. Zeeman states, coupled transitions and Cleb- 
scli-Gordan coefficients in the (a) angular-momentum basis 
and (b) the new basis. Three separate N configurations are 
clearly visible in the new basis. 



Figure 8(b) shows the transitions in this new basis. Three 
doubly-driven V configurations, of the type shown in Fig- 
ure 1(a), are clearly evident in the new basis. Also shown 
are the effective Clebsch-Gordan coefficients for the new 
transformed transitions. The dashed lines in Figure 8(b) 
represent transitions probed by field P but not directly 
coupled by either of the coupling fields Ci and C2. They 
correspond to what we call uncoupled absorptions of the 
probe. 

The five coupled states on the left of Figure 8(b) shows 
that the (relatively weak) field P simultaneously probes 
a doubly-driven V configuration as well as the |2, — ){, to 
\l3)d transition. In the steady state, the |2,— )(, to \[3)d 
transition simply causes additional scattering of field P 
and so essentially this five-state system can be treated as 
a four-state N configuration with an additional uncoupled 
absorption. The underlying probe absorption profile is 
due essentially to three separate N configurations (solid 
lines) with two uncoupled absorptions (dashed lines). 

Each N configuration has a different set of (effective) 
Clebsch-Gordan coefficients, and so the Rabi frequencies 
for the fields P, Ci and C2 differ from one N configu- 
ration to the next. Since the position of the peaks in 
the probe absorption spectrum depend on the Rabi fre- 
quencies Ci and C2 , the absorption peaks due to each N 
configuration occur at different probe detunings. How- 
ever, these differences are relatively small, corresponding 
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to about a 10% shift in the separation of Autler-Townes 
peaks. A single four-state model, as given in Section II, 
is therefore sufficient to model our experiment, provided 
we allow for broadened absorption peaks. 

The square of Clebsch-Gordan coefficients of the 
dashed transitions is 1/6. We can compare this with the 
different scheme in which all fields are linear polarised 
along the same axis. In this case there are two uncoupled 
absorption transitions from |±2)j^ to |±2)^ for which the 
square of the corresponding Clebsch-Gordan coefficients 
is 2/3. That is, the absorption of the uncoupled tran- 
sitions in the parallel-linear polarisation scheme is four 
times that of the orthogonal-linear polarisation scheme 
for the same degree of occupation. This clearly shows 
the advantage of our choice of polarisation scheme. 

In our experiment, new atoms are continuously mov- 
ing into and out of the interaction region, the trap- 
ping magnetic fields produce Zeeman mixing amongst 
ground states and the trapping field weakly couples the 
5S1/2F = 2 level to the upper 5P3/2F = 3 level. All 
these effects tend to redistribute population amongst 
the states of the 5S1/2F = 2 level. The treatment of 
these effects to calculate the relative occupations of the 
5S1/2F = 2 states is, however, beyond the scope of this 
work. Thus, while we can identify the transitions re- 
sponsible for the uncoupled absorptions and justify our 
polarisation scheme, we have no quantitative estimates 
of the strength of the absorptions. 

Finally we note that state jO);,, uncoupled by any field, 
is a dark state. Away from resonance conditions that pro- 
duce other dark states, all atoms would eventually decay 
to this state and so the steady state would be one of 
complete transparency of the probe field. However, the 
above mechanisms which tend to redistribute the popula- 
tion of the 5S1/2F = 2 level will also tend to depopulate 
the state jO);,. 
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